a few decades already, but there is still a long way to go for human beings. The potential negative effects of PPCPs on humans could worsen if existing sewage treatment methods are not improved. In this paper, diclofenac and triclosan were selected as the target pollutants in order to study their adsorption behaviors on MWCNTs.
Diclofenac, a kind of white crystalline powder at room temperature, is a potent, non-steroidal, and antiinflammatory analgesic drug whose potency is superior to both indomethacin and aspirin. The concentration of diclofenac has now reached a higher level from ng L -1 to µg L -1 in the environment due to its continuous use [5] . At this concentration, diclofenac can adversely affect the ecosystem and threaten human comfort [6] . Triclosan, a kind of white crystalline powder at room temperature, is an effective broad-spectrum antimicrobial agent. But the widespread use and special nature of triclosan, namely difficult decomposition and non-volatility [7] , have led to its accumulation in the environment, showing a concentration of 4-1,023 ng L -1 or even higher. Based on the literature, triclosan may affect the reproduction of aquatic organisms and produce a toxic effect on organs of animals [8] .
In recent years, researchers have gradually given much attention to the two special pollutants. Researchers have started to focus on the development of detection methods [9] , the improvement of existing treatment methods, and the development of new treatment methods, such as an advanced treatment process [10] and the use of metal oxides [11] . However, existing treatment methods used in cities are limited and new methods are imperfect. Therefore, improving existing treatment methods is the principal instrumentality.
Nano-materials, including carbon nanotubes (CNTs), have been developed rapidly [12] . Compared with activated carbon, CNTs contain a large number of unsaturated bonds and a small amount of functional groups, have larger specific surface area, lower weight, and better mechanical and electrochemical properties [13] , and these parts could make CNTs serve as adsorbents, high-flux membranes, environmental sensors, and catalyst support [14] . Thus, CNTs can be employed as advanced treatment methods in wastewater treatment to remove non-degradable PPCPs [15] .
In our previous studies, MWCNTs were proposed for effective removal of diclofenac in single-component solution [16] . The actual solutions are often twocomponent or multi-component. For this study we investigated the adsorption of diclofenac and triclosan in aqueous solutions on MWCNTs. We discussed the effects of different factors, including MWCNTs dosage, temperature, ion concentration, pH, and initial concentration. The adsorption isotherms were established, kinetic and thermodynamic simulations conducted, and an IAS model was used to predict binary-solution adsorption. Furthermore, we discussed the adsorption mechanism.
Materials and Methods

Instruments and Reagents
The following instruments were used: a Thermo Orion 3-star benchtop pH meter (Thermo Fisher Scientific Inc.), a WS-900R shaking incubator (Wiggens, Germany), a UV-2000 UV-visible spectrophotometer (Unico Instruments Co., Ltd., China), a 3K15 high-speed refrigerated centrifuge (Sigma, Germany), a precision electric oven (Thermo Fisher Scientific Inc.), and an LC-20AT highperformance liquid chromatography system (HPLC) (Shimadzu, Japan). For all experiments we utilized Milli-Q ultra-pure water (America Millipore).
The following reagents were used: diclofenac (Acros Organic, purity > 98%, analytical grade), triclosan (Acros Organic, purity > 99%, analytical grade), MWCNTs (Beijing Nachen Corporation, OD = 10 -30 nm, length = 10-30 µm, specific surface area > 350 m 2 g -1 , purity = 85%), NaOH (Acros Organic, purity > 98.5%, analytical grade), H 2 SO 4 (Acros Organic, purity > 98%, analytical grade), and HNO 3 (Acros Organic, purity = 68%, analytical grade).
Purification of MWCNTs
The MWCNTs were purified respectively with 5 mol L -1 and 15 mol L -1 HNO 3 . In the experiment, 5 g of MWCNTs were added to 250 mL HNO 3 solution in a three-neck round-bottom flask. The flask containing the mixture was heated for 8 h at 100ºC and stirred during refluxing. Subsequently, the suspension was centrifuged at 8,000 rpm for 3 min. The precipitated materials were rinsed with deionized water to neutral and dried in the oven.
Detection of Diclofenac and Triclosan
In the pretreatment process we used the cellulose acetate membrane with a pore diameter of 0.22 μm to filter the solution.
Diclofenac and triclosan concentrations were analyzed using HPLC. 
Adsorption on MWCNTs
The single-component solutions and binary aqueous solution were added to beaker flasks containing the appropriate purified MWCNTs dosage, and then shaken for 1 h under steady temperature. After adsorption, the suspension was filtered and the filtrate was stored for further testing. The experiment results were measured at least three times.
Data Processing
Removal efficiency was computed as follows:
… where η t is the removal efficiency at time t (%), C 0 is the initial solution concentration (mg L -1
), and C t is the sample concentration at time t (mg L -1 ). Adsorption capacity was computed as follows:
…where q t is the adsorption capacity of MWCNTs at time t (mg g The adsorption kinetics equations were as follows:
Pseudo zero-order:
Pseudo first-order: 
Particle dispersion:
…where q t is the adsorption capacity of MWCNTs at time
, t is time (min), and q e is the adsorption capacity at equilibrium (mg g -1 ). Other parameters such as k 0, k 1, k 2 , and k p are all constants.
The adsorption isotherms and thermodynamic equations were as follows: 
…where c e is the concentration of the sample at equilibrium
). In Eq. 7, both k f and 1/n are Freundlich constants, which are related to the adsorption capacity of the adsorbent and adsorption intensity, respectively. In Eq. 8, both x m and a l are Langmuir constants, which are related to adsorption energy. In Eq. 9, ΔG ), respectively. In Eq. 10, K is the rate constant, A is the pre-exponential factor, and E a is the activation energy (J mol -1 ). In Eq. 11, K is the phase equilibrium parameter, c s is the volume of adsorbate adsorbed by a unit mass of adsorbent (mmol g -1 ), and c e is the concentration of adsorbate at equilibrium (mmol mL -1 ). In Eq. 12, q t = (q 1 +q 2 ), n i , and K i are parameters determined from Freundlich for the single-component solution adsorption.
Results and Discussion
Characterization of MWCNTs
Fig. S1a showed that the CNTs before purification were disorganized, the intertwining phenomenon was apparent, and lots of gaps were too narrow to be used by the adsorbates. Figs S1b and S1c showed that the purification process changed the situation of curl, tangle, and aggregation, making the gaps between tubes bigger, and more adsorption sites on the tubular structure were released to be utilized by adsorbates. The values of SSA, pore volume, and pore diameter were shown in Fig. S2 , and the results verified that the HNO 3 purification could increase MWCNTs specific surface area. The characteristic diffraction peaks of MWCNTs were present in diffraction angles of 26.1º, 43.2º, and 53.6º (Fig. S3) , proving that the graphite and six-membered carbocyclic ring were around the surface. The FTIR spectra (Fig. S4) presented the purified MWCNTs' absorption peaks of 1,630 cm -1 , and the peaks of 2,920 cm -1 , and 2,850 cm -1 were caused by stretching vibration of -C-H (-CH 3 , -CH 2 ). Some functional groups were introduced as previous research had pointed out [17] . The peaks at 1,124 cm -1 and 1,170 cm -1 were generated by -C-O, the peaks at 1,583 cm -1 and 1,700 cm -1 were generated by -C=O (e.g., -COOH, -CH-O), and the peaks at 1,583 cm -1 were aroused by -O-H and -C-H. At last, we selected 5 mol L -1 HNO 3 as the final purification method because there was no obvious difference under the two HNO 3 concentrations.
Effect of MWCNTs Dosage
Purified MWCNTs at different dosages were added into beaker flasks containing diclofenac or/and triclosan. The flasks were placed in a shaking incubator for 1 h at 298 K. Removal efficiency and adsorption capacity are shown in Fig. 1a . Fig. 1a indicated that as MWCNTs dosage increased, the removal efficiency of both diclofenac and triclosan increased. The increase was mainly due to the availability of more adsorption sites provided by increasing MWCNTs dosage under the same initial concentration. For MWCNTs, a limited interwall space of 0.335 nm could hardly be used by organic matters such as triclosan, whose molecular width is 0.693 nm, molecular height is 0.748 nm, and molecular length is 1.419 nm. Besides, the inner cavity was clogged by the metallic catalyst and agraphitic carbon before purification. After purification, functional groups formed in inner cavities [18] and the contact area became larger. Compared with inner cavities and interwall spaces, the external surface was available for organic matters, providing more adsorption sites. However, adsorption capacity declined. According to Eq. 2, when the increased extent of dosage was greater than the reduction extent of aqueous concentration, adsorption capacity might be reduced. Hence, the optimal dosage of MWCNTs was 0.1 g, which met the requirements of high removal efficiency.
Effect of Temperature
MWCNTs dosage was selected as 0.1 g. The other conditions remained the same. The results were shown in Fig. 1b . Fig. 1b showed that removal efficiency and adsorption capacity decreased by about 15% and 5%, respectively, with temperature increasing from 293 K to 313 K. The adsorption was an exothermic process and the solubility of adsorbate had crucial effects. The solubility of adsorbate increased with the increase of the temperature, and chemical potential reduced with the increase of solubility. According to the energy conservation law, energy can be neither created nor destroyed, and it can convert into various forms (e.g., molecular energy) when temperature is increased. In addition, according to the kinetic theory, temperature is a sign of the average kinetic energy of molecules, and it is the collective performance of the large numbers of molecular thermal motions as well. In other words, random motion becomes more rambling, and organic matter molecules gain more power, making these molecules difficult to adsorb so that the removal efficiency and adsorption capacity were reduced.
Moreover, the removal efficiency and adsorption capacity of diclofenac are slightly higher than those of triclosan. At 293K, the removal efficiency and the adsorption capacity can meet the requirements of pollutant removal.
Effect of Ion Concentration
MWCNTs dosage and temperature were selected as optimal values. The other conditions remained the same. The ion concentration of the solution was adjusted with Na 2 SO 4 . The results are shown in Fig. 1c , where you can see that both removal efficiency and adsorption capacity meet an increase at first and a decrease afterwards with the increase of ion concentration, demonstrating that the ion could promote the adsorption of diclofenac and triclosan on purified MWCNTs in a certain concentration range. However, when ion concentration was high, the adsorption might occur between ions and purified MWCNTs. Thus, the optimal ion concentration was chosen as 15 g L -1
.
Effect of pH on Adsorption
MWCNTs dosage, the temperature and the ion concentration were selected as the optimal values. The other conditions remained the same. The effect of pH on adsorption is shown in Fig. 1d . As shown in Fig. 1d , the removal efficiency and adsorption capacity decrease rapidly with the increase of pH. The decrease of adsorption capacity can be explained by electrostatic interaction [19] . Both diclofenac and triclosan have Cl atoms in structure, and diclofenac and triclosan were dissociated into the anions and the MWCNTs got charged negatively as pH increased. Thus, the electrostatic repulsion between the adsorbates and the negatively charged MWCNTs weakened the adsorption capacity. In addition to electrostatic interaction, there are other reasons which can cause the results, such as watersolubility of diclofenac and triclosan. The water-solubility of diclofenac and triclosan increased with the increase of pH, as a consequence of which both removal efficiency and adsorption capacity reduced. Considering the pH varied from 6.0 to 9.0 in the actual wastewater discharge, we chose 7.0 as the optimal pH.
Effect of Initial Concentration
The other conditions were selected for optimal value. The effect of initial concentration on adsorption is shown in Fig. 1e , where both removal efficiency and adsorption capacity increase with the increase of initial concentration. The first reason for this was that not all of the adsorption sites can be used by diclofenac and triclosan for the low initial concentration. The second reason was that the initial concentration can provide a strong driving force to overcome mass transfer resistance between the adsorbent and adsorbate. Hence, at an initial concentration of about 50 mg L -1 , the adsorption sites can be utilized adequately and mass transfer resistance can be overcome to a large extent, leading to maximum removal efficiency and adsorption capacity.
Kinetics
The adsorption process was simulated using four kinds of kinetic formulas under optimal conditions. The adsorption of diclofenac and triclosan on MWCNTs could be fitted well with the pseudo-second-order kinetics equation, and the linear correlation coefficient R 2 at 293 K equaled 0.9997 and 0.9998. Under the same conditions, the adsorption processes still belonged to the pseudosecond-order kinetics equation at 303 K and 313 K. Furthermore, according to Eq. 10, the activation energy E a of triclosan equaled 0.32 kJ mol -1 and that of diclofenac was -3.74 kJ mol -1 . The value suggested that the process was not as easy as supposed. Adsorption mechanisms such as electron transfer [20] must be considered.
The value of Ea for diclofenac adsorption was negative, suggesting that the adsorption of diclofenac on MWCNTs was a complex process. According to modern molecular collision theory and Tolman's interpretation [21] , the threshold energy of the diclofenac adsorption may be equal to 0 and adsorption efficiency may drop with increasing temperature. All the processes were exothermic, which was inconsistent with the triclosan adsorption in this study.
Thermodynamics
Adsorption isotherms at different temperature levels are shown in Fig. 2 . The process was simulated using two adsorption isotherms (see Table 1 ). The results show that the process could be fitted well with the Langmuir (monolayer reversible adsorption process) and Freundlich isotherms. Based on the designed procedure provided by Chen et al. [22] , thermodynamic parameter values could be obtained, as shown in Table 2 : ΔH < 0, ΔG < 0, and ΔS < 0, which suggested that adsorption was a spontaneous and exothermic process.
The surface of MWCNTs is made up of polygene, which is rich in π-electron and resulting in the π-π conjugate with π-electron in the benzene ring. The structures of the two typical PPCPs have benzene rings, so there is a strong adsorption force between the sorbent and the adsorbate. The process can emit more heat. Thus, it is estimated as an exothermic process.
According to the theory of adsorption exchange, the solute molecule could lose part of the degree of freedom when the solute molecule moves to the solidliquid interface in the adsorption process. The MWCNTs adsorption is an entropy reduction process. When the adsorption process is carried out, large amounts of water molecules are desorbed from the MWCNTs surface, indicating that it is an entropy increase process. Even though the two processes exist simultaneously, the final result shows that it is inclined to entropy reduction.
Binary Solution Adsorption Prediction
The thermodynamic results showed that the adsorption could be better simulated with Freundlich isotherms, so the isotherm parameters from the single-solute adsorption Freundlich model were employed to evaluate the binary solution adsorption. As shown in Fig. 3 , the experimental results are in accordance with the predicted values. This indicated that the IAS model was capable of representing MWCNTs adsorption in binary solutions and that the parameters obtained from single-solution adsorption could be applied. The IAS model could predict the interaction between compounds and MWCNTs, including any competitive effects [23] .
Adsorption Mechanism
Adsorption process involves a variety of forces, the most important of which is the Van Der Waals force, especially for hydrophobic adsorbents. In addition, the adsorption process is also related to the relationships between adsorbents and adsorbates, such as hydrophobic effect, π-π bond, hydrogen bond, covalent bond, and electrostatic interactions [24] . The adsorption mechanism is analyzed in this study, as shown in Fig. 4 . Purified MWCNTs, diclofenac, and triclosan all have special functional groups (-COOH, -OH) that can be hydrogen bond contributors, so hydrogen bond and van der waals force are considered the main forces.
Besides the two forces mentioned above, there are π-π bond, hydrogen bond, covalent bond, hydrophobic effects, and electrostatic interactions. The surface of MWCNTs is made up of polyene, which is rich in π-electron and results in the π-π conjugate with π-electron in the benzene ring. The structures of the two typical PPCPs have benzene rings. Moreover, triclosan has -OH, which can reduce electron cloud density. In the meantime, they all have carboxyl and hydroxyl, so the covalent bond can be forged between them. According to Eq. 11, the values of the phase equilibrium parameters of diclofenac and triclosan are 1,329 and 1,203, respectively, which proves that the adsorption capacity of diclofenac is larger than that of triclosan. An analysis of molecular models shows that diclofenac has a better planar structure compared with triclosan, and researchers found that polycyclic aromatic hydrocarbons with a planar structure could integrate well with CNTs through a conjugated system [25] .
Conclusions
The purified MWCNTs were used to remove diclofenac and triclosan. The research showed that MWCNTs had an effect not only on single-solute adsorption, but also on bi-solute adsorption. Kinetic and thermodynamic study laid the theoretical foundation for adsorption. Besides, the adsorption mechanism was revealed and the main conclusions are listed as follows: 1) The purification of MWCNTs promoted the adsorption effect and many analysis methods, including SEM, SSA, XRD, TGA, and FTIR, characterized by the change of purified MWCNTs. 2) When MWCNTs dosage was 0.1 g, temperature was 298 K, ion concentration was 15 g×L -1
, pH was 7.0, initial concentration was 50 mg L -1 , and equilibrium adsorption capacity was 19.9 mg g -1 for diclofenac and 19.7 mg g -1 for triclosan after 60 min.
3) The adsorption process conformed to the pseudosecond-order kinetics equation. The thermodynamic simulation showed that the process was fitted with Freundlich and Langmuir isotherms, and the thermodynamic parameters estimated that the adsorption was spontaneous and exothermic. 4) The IAS model successfully predicted the binary solution adsorption.
